Primary roots of maize (Zea mays L. cv WF9 x Mol7) seedlings growing in vermiculite at various water potentials exhibited substantial osmotic adjustment in the growing region. We have assessed quantitatively whether the osmotic adjustment was attributable to increased net solute deposition rates or to slower rates of water deposition associated with reduced volume expansion. Spatial distributions of total osmotica, soluble carbohydrates, potassium, and water were combined with published growth velocity distributions to calculate deposition rate profiles using the continuity equation. Low water potentials had no effect on the rate of total osmoticum deposition per unit length close to the apex, and caused decreased deposition rates in basal regions. However, rates of water deposition decreased more than osmoticum deposition. Consequently, osmoticum deposition rates per unit water volume were increased near the apex and osmotic potentials were lower throughout the growing region. Because the stressed roots were thinner, osmotic adjustment occurred without osmoticum accumulation per unit length. The effects of low water potential on hexose deposition were similar to those for total osmotica, and hexose made a major contribution to the osmotic adjustment in middle and basal regions. In contrast, potassium deposition decreased at low water potentials in close parallel with water deposition, and increases in potassium concentration were small. The results show that growth of the maize primary root at low water potentials involves a complex pattem of morphogenic and metabolic events. Although osmotic adjustment is largely the result of a greater inhibition of volume expansion and water deposition than solute deposition, the contrasting behavior of hexose and potassium deposition indicates that the adjustment is a highly regulated process. leaves (10, 16, 27, 29), stems (11, 12, 29) , shoot apices (15), and roots (7, 19, 29) . It is often observed, however, that root growth is less inhibited than shoot growth at low iJ', (4, 19, 29) . Consistent with these observations, we have shown that maize primary roots continue to grow, albeit at reduced rates, at low 14A which are completely inhibitory to shoot growth. Analyses of the spatial and temporal distribution of root growth revealed a complex pattern of developmental changes involving inhibition of both longitudinal and radial expansion and a shortening of the growth zone (20) .
Growing cells must produce or import solutes to maintain osmotic potential (i,&5) as the existing solutes are diluted by water uptake or removed from the osmotic pool. The A', is essential for maintenance of turgor pressure and thus for continuing expansion. Plants plants supplied with abundant water. When the elevated solute concentrations are not merely the result of tissue dehydration, this phenomenon is known as 'osmotic adjustment.' Osmotic adjustment is thought to benefit the plant by increasing the driving force for water uptake, permitting the cells to retain more water at reduced water potentials (i') (2, 8, 13) . Osmotic adjustment in growing regions could occur by two basic mechanisms: an increase in the net rate of osmoticum deposition in the growing zone and/or a reduction in rate of tissue volume expansion.
Osmotic adjustment at low^,&, has been observed in growing regions of leaves (10, 16, 27, 29) , stems (11, 12, 29) , shoot apices (15) , and roots (7, 19, 29) . It is often observed, however, that root growth is less inhibited than shoot growth at low iJ', (4, 19, 29) . Consistent with these observations, we have shown that maize primary roots continue to grow, albeit at reduced rates, at low 14A which are completely inhibitory to shoot growth. Analyses of the spatial and temporal distribution of root growth revealed a complex pattern of developmental changes involving inhibition of both longitudinal and radial expansion and a shortening of the growth zone (20) .
As a step toward understanding the physiology of osmotic adjustment in growing regions, it is important to analyze the relative contributions of solute deposition and growth to the observed changes in I,&. Investigators have recognized that local import and metabolic production act to increase soluble density, while growth-associated water uptake and solute utilization decrease the density (12, 27) . A quantitative approach to this problem is to apply principles of growth kinematics (21, 22) to calculate and compare the spatial distributions of net solute and water deposition rates in the growing zone at various 4w. In this paper we show that in the growing zone of the primary root of maize, osmotic adjustment involves decreased rates of solute deposition per unit length but increased solute deposition rates on a water volume basis. The results are discussed in terms of the role of osmotic adjustment in the maintenance of root elongation at low 4,.
MATERIALS AND METHODS Plant Culture
Seedlings of Zea mays L. (cv WF9 x Mol 7) were germinated in moist vermiculite, transplanted into Plexiglas boxes containing vermiculite ranging in ,,, from -0.03 to -1.7
MPa, and grown in the dark at 29°C and near-saturation (Table I) were the same as for the measurements of expansive growth distribution described in the preceding paper (20) .
Osmotic Potential and Solute Contents When the primary roots had attained a length of approximately 5 cm, seedlings were selected for uniformity of root elongation rate (within ± 15% of the mean), as measured by periodically marking under dim light the position of the root apices on the angled Plexiglas face against which they were growing. Preliminary experiments established that both root elongation rate (see Fig. 1 of Sharp et al. [20] ) and root tip #, (Fig. 1, inset) were constant with time in all treatments in roots of this length (20-45 h after transplanting, depending on treatment). Adhering vermiculite was removed, and the primary roots were placed on moist (but not wet) graph paper. The apical 0.5 mm was excised to remove a major part of the root cap, and batches of 5 roots were sectioned into 10 The growth dilution term represents the deposition rate necessary to maintain the local density in the face of tissue expansion. The convective rate of change represents change due to movement of cells away from the apex, and may be considered the deposition rate necessary to maintain any spatial gradient in density.
Numerical differentiation was performed with the fivepoint differentiating formula of Erickson (6) . Because the midpoint formula was used, derivatives could be evaluated only between the third and third-to-last values of the abscissa. Equation 2 gave deposition rates per millimeter ofroot length, evaluated at 0.5 mm intervals. Division by the local water volume (mm3 per mm length) gave deposition rates per mm3 of tissue water.
Definitions of Terms Used in Deposition Rate Analysis
As described above, 'deposition rate' refers to the local, net rate of addition of matter. In the case of solutes this rate includes production (by breakdown of complex polymers and/or biosynthesis ofosmotica), import ofosmotically active species, and removal from the osmotic pool (by respiration or biosynthetic processes). Rates may be expressed per unit length or volume. In this paper, expression per unit length was necessary to determine whether the total rate of solute entry into the osmotic pool was altered in the root growing zone at low I,6, as tissue and water volumes per unit length varied among the treatments. Similarly, 'osmoticum accumulation' refers to an increase in total solutes per unit root length, in contrast to the common usage in nongrowing tissues to 
RESULTS

Osmotic Adjustment in the Root Growing Zone
When seedlings were transplanted from moist vermiculite to vermiculite of various low , the A, in the apical 10 mm of the primary root decreased (Fig. 1 ). This region encompasses the elongation zone, which extends for approximately 10 mm from the apex at high O.t and is progressively shorter as the 0w decreases (20) . The Over the range of 04, examined, As were constant by the time the roots attained a length of 5 cm. The Os shown in the main part of Figure 1 were determined in roots of this length. Therefore, the data can be compared with the steady (time invariant) response of root elongation rate over the same range of O, shown in Figure 1 of the preceding paper of this series (20) . As the 0,6 decreased from -0.03 to -1.7 MPa, the A, decreased from -0.9 to -2.0 MPa while the elongation rate declined to approximately one-third of the control rate These preliminary analyses showed that averaged over the growing region, elongation rate and i/2s are both progressively decreased by increasing water stress.
Most of the observed changes in Os can be attributed to osmotic adjustment. Relative water contents of the apical 10 mm were measured by weighing the tissue before and after floating for 3 h on an ice/distilled water mixture (to prevent growth but allow hydration), and after oven drying. Mean relative water contents of 96.4, 86.9, 81.7, and 79.6%, respectively, were obtained for roots growing at -0.03, -0.20, -0.78, and -1.60 MPa vermiculite t.. Also, fractional water volumes calculated from mean tissue volumes (20) and water content data were 82, 83, 82, and 86%, respectively. The contribution ofdehydration to the changes in As was therefore minor.
Spatial Distribution of Osmotic Potential and Osmoticum Content
The relationship between the adjustment of 46s in the growing zone and root growth inhibition was studied in greater 0 growing at high 4', in agreement with the result of Silk et al. (22) . As Distance from Apex (mm) Figure 2 . Spatial distribution of (A) osmotic potential, and (B) osmo-100% ticum content in the apical 10 mm of roots growing in vermiculite of 1.0 1 various water contents. The treatments represent the vermiculite water content as percentages of the water content at high water potential (see Table I ). Osmotic potentials are means ± 1 SD from = T 0.8 three to seven experiments. Elongation rates of the roots were (±1 In all treatments, the concentration of hexose increased with distance from the apex (Fig. 4A, top) . Less than 50 mmolal hexose was present in the 1st mm, while at the 6-mm location hexose concentration was 150 mmolal at high 4', and 400 mmolal in the 2% treatment. In the middle and basal regions, the hexose concentration increased progressively as the 44w decreased. When hexose content is expressed per millimeter of root length, a tendency to accumulate at low is evident (Fig. 4B, top) . Approximately 200 nmol of hexose were assayed in the 9th mm in the 2% treatment, while 150 nmol were found in the same location at high 44. Sucrose concentrations and contents were much lower than those of hexose or potassium in all treatments (Fig. 4, A and B, middle). Unlike hexose, sucrose concentration was greatest at the 2-mm location.
The concentration of potassium was greatest at the 2-to 3-mm location in all treatments (Fig. 4A, bottom) . Potassium tended to be more concentrated at low 44. Potassium accumulation, however, did not occur at any location in the low treatments. Potassium content was reduced from a maximum of 90 nmol mm-' at high 44 to 50 nmol mm-' in the 2% treatment (Fig. 4B, bottom) .
The contrast between concentration (Fig. 4A ) and content (Fig. 4B) of the different solute species resulted from the differences in water content per unit length among treatments (Fig. 3) .
To assess the importance of sugars and potassium to the osmotic adjustment of the root growing zone, we summed the solute concentrations and, using Equation 1, expressed the results as 'osmotic potential contribution' (Fig. 5) . The solutes accounted for 60 to 70% of the osmotic adjustment that occurred at low in the middle and basal regions, but for little in the apical few mm. In the basal 7 mm, the summed solute concentrations paralleled the overall profiles for the different 446 treatments. Distance from Apex (mm) Figure 5 . Spatial distribution of the summed osmotic potential contributions of hexose, sucrose, and potassium in the apical 10 mm of roots growing at the various vermiculite relative water contents.
Deposition Rates
The profiles shown in Figures 2 through 5 were the result of transport and metabolism which occurred at the same time as tissue expansion and cell displacement away from the root apex. The uniformity of A,s, along the length of the growing zone at high 0,,4 indicates that osmoticum deposition rates were locally synchronized with growth, as shown earlier (22) . Thus, osmoticum dilution by water uptake during tissue volume expansion was fully compensated in well-watered roots. In the low treatments, the lower values and the spatial gradient in As imply that water stress caused the ratio of osmoticum to water deposition to increase, particularly at basal locations. This could have resulted from increased rates of total osmoticum deposition and/or from decreased water deposition due to inhibition of tissue volume expansion. To evaluate the behavior in quantitative terms, the information in Figures 2 through 4 was combined in Equation 2 with the previously published profiles of root growth velocity (20) to compute the spatial distribution of deposition rates of solutes and water.
The analysis shows that osmoticum deposition rates per unit length were not increased at any location in any of the low 41,, treatments (Fig. 6A) . Instead, the rate of osmoticum deposition per millimeter was independent of 4/', in the apical 2 mm and, relative to the high 0/' treatment, decreased progressively with distance from the apex as the 1 4 , 6 decreased. Osmoticum deposition was substantial for more than 9 mm at high 4,62, but in the 2% treatment fell to low values beyond 6 mm, where elongation ceased (20) . Thus, the total rate of osmoticum deposition in the apical 9 mm, calculated by integrating the rates over distance, was greatly decreased at low (Fig. 6A, inset) . In the 2% treatment, only one-third as much osmoticum per hour was deposited in the growing zone relative to the well-watered roots.
In contrast, when the osmoticum deposition rates are calculated per unit water volume, it is clear that low 0/' caused a substantial increase in deposition rate in the apical few millimeters (Fig. 6B) . Even on the volumetric basis, however, low 4,6 caused a pronounced decrease in osmoticum deposition rate in basal regions.
Deposition rate profiles for hexose were rather similar to those for total osmoticum (Fig. 6, C and D) . Per millimeter of root length, there was no detectable effect of low Aw on the rate of hexose deposition in the apical 3 mm (Fig. 6C) . Again, low {w caused a shortening of the length of tissue for which deposition rate was high. Numerical integration revealed that water stress caused more than a twofold decrease in the rate of hexose deposition in the apical 9 mm (Fig. 6C, inset) . Per unit of water volume, however, the hexose deposition rate of the roots in the 2% treatment exceeded that of the wellwatered roots in the apical 5 mm (Fig. 6D) .
Per unit length, low caused a decrease in potassium deposition rate at all locations (Fig. 6E) . Integrated over the apical 9 mm, the potassium deposition rate declined almost fourfold in the 2% treatment. Comparison between Figure 6 C and E demonstrates that low P, caused a greater diminution in the deposition of potassium than of hexose. Per unit water volume, potassium deposition rates in all treatments were similar in the apical 3 mm (Fig. 6F) , in contrast to the increased volumetric rates of total osmoticum and hexose deposition that occurred in this region at low 0t4 (Fig. 6, B and D).
The differences between the left and right sets of curves in Figure 6 were due to the inhibition of root radial growth at low ik, again indicating the importance of this response to osmotic adjustment in the growing zone. This can also be seen by comparing the profiles of osmoticum deposition (Fig.  6A ) with profiles of water deposition (Fig. 7) on the same basis of per unit root length. In the low t41 treatments the rate of water deposition decreased more than osmoticum deposition throughout the growing region, such that in the 2% treatment the total rate of water deposition in the apical 9 mm was reduced to one sixth of the rate at high 4,. As expected, the profiles of water deposition resembled more closely the previously published profiles ofrate ofroot volume increase than those of longitudinal growth (20) . The role of reduced radial growth was particularly clear in the apical 3 mm, where the rate of water deposition decreased progressively with decreases in 0w even though longitudinal expansion in this region was not affected (20) .
The profiles of the ratio of deposition rates for solutes and for water differed among the solute species. For hexose:water, the ratio increased slightly from 1 to 4 mm and remained constant from 5 to 10 mm from the apex of roots growing at high 0,6w (Fig. 8A) . In the 2% treatment, the ratio increased greatly with distance from the apex, reaching a maximum at the 6-mm location that was sixfold higher than the corresponding value at high . In more basal regions the ratio fell steeply at low 41, indicating dilution of the hexose pool.
However, the hexose concentration was very high (Fig. 4B ) and the water deposition rate was very low (Fig. 7) in this region. Therefore, the absolute amount ofhexose dilution was small (Fig. 4B) .
The pattern for the ratio of potassium to water deposition was very different (Fig. 8B) . The ratio was highest in the apical region and fell quite steeply with increasing distance from the (Fig. 9) . However, we observed that in all treatments the roots grew slowly thinner as they grew longer (data not shown). Thus, the water and solute deposition rates were slightly overestimated because local rates of change were, in Distance from Apex (mm) Figure 7 . Spatial distribution of net water deposition rate per unit root length in the apical 10 mm of roots growing at the various vermiculite relative water contents. Data were calculated from mean root water contents at each location ( Fig. 3) Distance from Apex (mm) (Fig. 6 , C, E) by water deposition rate per unit length (Fig. 7) . Distance from Apex (mm) Figure 9 . (Fig. 2A) . The As, at the 2-mm location declined from -0.9
MPa at high P , 6 to -1.8 MPa in the roots growing at a /,4w of -1.6 MPa (2% treatment). Thus, thexchange in 6,V (0.9 MPa) did not fully compensate for the decrease in iI', (1.57 MPa). Turgor pressure ofthe segment, therefore, was probably much lower in the 2% treatment than at high Aw. To attain similar longitudinal growth rates at the reduced turgor, the cell walls must have become much more longitudinally extensible at low if. A study using a pressure microprobe to measure cell turgor (9) also concluded that the cell walls of growing maize primary roots became more extensible under osmotic stress.
It is of interest to explore the relationship between osmotic adjustment and the inhibition of growth at low Aw in more detail. If increases in osmoticum concentration were merely an inevitable result of the inhibition of tissue volume expansion when A/4 (and hence turgor) decrease, then it might be expected that similar osmotic adjustment will occur when growth is inhibited under conditions other than decreased water availability (26) . There is evidence that this does not occur. Meyer and Boyer (11) observed substantial osmotic adjustment in the growing region of soybean hypocotyls when growth was inhibited at low vermiculite i/4. Osmotic adjustment did not occur, however, when the hypocotyls were exposed to increased pressure, although the sensitivity of growth to low tissue 0, increased. It was concluded, logically, that the slow growth that continued at low vermiculite 0,6p was dependent on the osmotic adjustment that occurred (11, 12) . A related example is the comparison by Greacen and Oh (7) of osmotic adjustment in the growing zone of pea roots in response to soil 0w or mechanical impedance. Mechanical impedance caused a greater inhibition of growth but less osmotic adjustment. These results suggest that osmotic adjustment in growing regions is not an inevitable result of growth inhibition, but depends on the uncoupling of volumetric growth from net solute deposition as the growth rate slows down. Our data showing the different effects of low 4, on the ratios of hexose:water and potassium:water deposition in the root growth zone support this suggestion (Fig. 8) . At low 0., potassium deposition decreased in close parallel with water deposition at all locations and, therefore, potassium contributed little to the osmotic adjustment. In contrast, the ratio of hexose:water deposition increased greatly at low 0w.
Taken together, these results indicate that either the rate of hexose utilization decreased more than water deposition as growth slowed, or the ratio of hexose to potassium import increased. We conclude that osmotic adjustment at low /'A in the maize primary root is likely to constitute a highly regulated process, involving the selective increase in concentration of particular solutes as well as modulation of the pattern of expansive growth.
In the basal 7 mm of the root growing zone, the summed concentrations of soluble carbohydrates and potassium accounted for much of the osmotic adjustment at low 'pw (Fig.  5) . However, these solutes accounted for little of the change in 4,, in the apical 2 to 3 mm, indicating that other solute species were preferentially deposited in this region. Recent investigations have revealed that proline accounts for as much as 50% of the osmotic adjustment in the apical region (28) . Characterization of the pattern of proline deposition will be the subject of the next paper in this series.
